PURPOSE. We reviewed the data from the clinical trials of nutritional supplements for the treatment of age-related cataract and age-related macular degeneration (AMD) to determine future directions of research and treatment.
A ge-related cataract and macular degeneration (AMD), two leading causes of blindness in the United States, are agerelated ocular conditions in which nutritional risk factors have been evaluated extensively with observational and interventional studies. The results of a number of observational studies have provided the hypotheses and rationale for the interventional studies. The results of these interventional trials will be presented to identify potential opportunities for further research in these ocular conditions of significant public health importance. The Table gives a compilation of randomized controlled clinical trials for age-related cataract and AMD, including the nutrients evaluated and the study results.
AGE-RELATED CATARACTS
Age-related cataract is the leading cause of vision loss in the United States and its prevalence is rising; an estimated 30.1 million Americans will be affected by 2020. 1 Treatments that can delay the progression of lens opacities likely would reduce the burden of disease markedly. Numerous observational epidemiologic studies have demonstrated inverse relationships between dietary micronutrients and the development of age-related cataract or cataract surgery. [2] [3] [4] [5] [6] [7] These studies have generated interest in micronutrients with antioxidant capabilities because of the potential importance of oxidative damage in cataract formation. Several controlled clinical trials have tested whether selected micronutrients with antioxidant characteristics or multivitamins affect cataract development. [8] [9] [10] [11] [12] [13] [14] The results of some of these studies will be discussed below and areas of future research will be considered.
CONTROLLED CLINICAL TRIALS OF NUTRITIONAL SUPPLEMENTS FOR AGE-RELATED CATARACT The Linxian Cataract Trials
These trials were ancillary studies in a nutritionally deprived population at high risk of developing esophageal/gastric cancer living in Linxian, China. 10 Separate clinical trials tested multivitamins/minerals (n ¼ 2141), and a mixture (n ¼ 3249) containing retinol and zinc, riboflavin and niacin, vitamin C and molybdenum, selenium, vitamin E, and beta-carotene, using a factorial design with these four different vitamin/ mineral combinations. In the studies, the risk of nuclear cataract progression was decreased by at least 36% and 44%, for multivitamins and mixture, respectively, in 5 to 6 years. However, there appeared to be an increased risk of posterior subcapsular cataract with the use of riboflavin/niacin. In this population, the results of the two trials suggest that vitamin/ mineral supplements may be beneficial for slowing the progression of lens opacities. Further research is suggested in a less nutritionally deprived population before such results can be translated into general recommendations. 
Physicians' Health Study
The Physicians' Health Study evaluated aspirin and a number of nutrients, including vitamins E, C, and beta-carotene, in a randomized, double-masked, placebo-controlled trial for cardiovascular disease and cancer. Secondary analyses included the ocular end-points of age-related cataracts and AMD in male physicians 50 years or older. These outcomes were obtained with self-reports and confirmed by medical records.
Vitamins E and C. In a randomized, double-masked, placebo-controlled trial of vitamin E (400 IU) every other day and vitamin C (500 mg) daily in 11,545 male physicians, the rates of incident cataract were investigated. 15 After 8 years of treatment and follow-up, there were no beneficial or harmful effects of this treatment regimen of vitamins E and C on the development of incident cataract in comparison of those treated versus the placebo group. The hazard ratios (HRs; 95% confidence intervals [CI]) were 0.99 (95% CI, 0.88-1.11) for vitamin E versus placebo and 1.02 (95% CI, 0.91-1.14) for vitamin C versus placebo.
Beta-Carotene. In a secondary study of a randomized controlled clinical trial of beta-carotene (50 mg on alternate days) versus placebo for cataract in 22,071 male physicians followed for a mean of 12 years, incident cataract and cataract surgery were the main outcomes. 9 There was no statistically significant difference between beta-carotene versus placebo on the incidence of cataract (relative risk [RR] of 1.00; 95% CI, 0.91-1.09) or cataract surgery (RR of 1.00; 95% CI, 0.89-1.12).
Women's Health Study
The Women's Health Study was a randomized, double-masked, placebo-controlled trial to investigate the effects of betacarotene (50 mg every other day), and daily vitamin E and aspirin in the primary prevention of cancer and cardiovascular disease. 12 The study participants were 39,876 female health professionals aged at least 45 years. The main ocular outcome measures were visually-significant cataract and cataract extraction, based on self-reports with confirmation with medical records.
After a median follow-up of 2.1 years with beta-carotene, the randomization was stopped. There were neither statistically significant beneficial nor harmful effects of beta-carotene on the development of cataract. For the development of incident cataract, the RR was 0.95 (95% CI, 0.75-1.21) and for cataract extraction, the RR was 1.04 (95% CI, 0.78-1.39).
This study also evaluated vitamin E (600 IU on alternate days) versus placebo for a mean follow-up of 9.7 years for incident cataract. 16 Again, there was no significant difference between vitamin E and placebo for the development of cataract (RR of 0.96; 95% CI, 0.88-1.04). No differences also were noted for the subtypes of cataract or cataract surgery.
Age-Related Eye Disease Study (AREDS)
This was a randomized controlled clinical trial that evaluated antioxidant vitamins (500 mg C, 400 IU of E) and beta-carotene (15 mg) daily for the treatment of cataract in persons with varying degree of AMD. 17 The mean follow-up was 6.3 years in 4629 AREDS participants, both men and women aged 55 to 80 years. There was no effect on progression of the three types of cataract or the incidence of cataract surgery (odds ratio [OR], 0.97; 99% CI, 0.84-1.11; P ¼ 0.55 for progression to any cataract event.
Age-Related Eye Disease Study 2 (AREDS2)
The AREDS2 is a randomized controlled clinical trial of lutein/ zeaxanthin for the treatment of age-related cataract. 18 The 3159 AREDS2 participants, aged 50 to 80, were followed for a median of 4.7 years. The HR for progression to cataract surgery, the main outcome measure, was 0.95 (95% CI, 0.83-1.09; P ¼ 0.49), comparing lutein/zeaxanthin versus no lutein/zeaxanthin. Lutein/zeaxanthin was not recommended for treatment of cataract, although those participants whose dietary intake of lutein/zeaxanthin was in the lowest quintile experienced a beneficial effect of the supplement. These data will need to be investigated further in similar studies of lutein/zeaxanthin for cataract progression.
The Italian-American Clinical Trial of Nutritional Supplements and Age-Related Cataract (CTNS) This 13-year single-center clinical trial was designed to evaluate the role of multivitamin/mineral supplement (Centrum; Lederle Laboratory, Inc., Pearl River, NY) for the treatment of age-related cataracts. A total of 1020 participants was enrolled at the University of Parma, Parma, Italy, and followed for a mean of 9 years. 14 In general, there was a decrease in the total number of subjects with lens progression in those participants assigned to Centrum compared to those assigned to placebo (HR, 0.82; 95% CI, 0.68-0.98; P ¼ 0.03). Progression to nuclear cataract was particularly decreased (HR, 0.66; 95% CI, 0.50-0.88; P ¼ 0.004). Posterior subcapsular cataract (PSC) events, however, were increased with the use of Centrum compared to placebo (HR, 2.00; 95% CI, 1.35-2.98; P ¼ 0.001). Because of these mixed results, that is, opposite effects on nuclear and PSC, no recommendations had been made by the investigators for the treatment of cataract.
AGE-RELATED MACULAR DEGENERATION (AMD)
Age-related macular degeneration is the leading cause of blindness, accounting for more than 50% of blindness in the United States. 19 Therefore, this is an ocular disease of major public health importance. It is predicted that by 2020, there may be nearly 3 million individuals in the United States with advanced AMD. 20 Although anti-VEGF agents have reduced the risk of vision loss from neovascular AMD, to our knowledge there are no proven treatments for the atrophic (dry) form of AMD. The role of nutritional supplements has been raised by a number of observational and randomized clinical trials.
CONTROLLED CLINICAL TRIALS OF NUTRITIONAL SUPPLEMENTS FOR TREATMENT OF AMD
The pathogenesis of AMD is unknown, although oxidative stress is considered to have a role. Since 1988, evaluation of the National Health and Nutrition Examination survey suggested that persons eating a diet with increased sources of vitamins A and C had an inverse association with AMD. Other observational studies also have implicated inverse dietary associations with AMD. [21] [22] [23] [24] [25] [26] Observational data from AREDS and epidemiologic studies provide a rationale for examining the potential impact of other nutrients on the development of AMD, specifically higher dietary intake of lutein/zeaxanthin and/or omega-3 long-chain polyunsaturated fatty acids (LCPUFAs; docosahexanoic acid [DHA]/eicosapentanoic acid [EPA]) are associated with a decreased risk of developing advanced AMD. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] These studies have provided data to support hypotheses that were tested in the controlled clinical trials of nutrients for the treatment of AMD presented below.
Nutrition Effects on Ocular Diseases in Aging Eye
IOVS j December 2013 j Vol. 54 j No. 14 j ORSF44
Randomized Trial of Zinc Supplements
This was a single center study of a randomized controlled clinical trial of zinc versus placebo in 151 individuals with early AMD. 41 A daily dose of zinc sulfate (100 mg) versus placebo was tested with 1:1 randomization. The outcome measurement was visual acuity change compared to baseline. There was a significantly positive treatment effect with zinc (P < 0.05). Importantly, the final visual acuity was significantly less likely to deteriorate in the zinc-treated group.
The AREDS
The AREDS was a randomized, double-masked, placebocontrolled clinical trial designed to evaluate vitamins C (500 mg), E (400 IU), and beta-carotene (15 mg), with or without zinc (zinc oxide 80 mg), with copper (2 mg cupric oxide), in a factorial design for the treatment of AMD. 42 The 3640 AREDS participants, aged 55 to 80 years, had varying severity of AMD and were followed for a mean of 6.3 years. The combination of the antioxidant vitamins with the minerals demonstrated a statistically significant odds reduction for the progression to advanced AMD (OR, 0.72; 99% CI, 0.52-0.98; P ¼ 0.002). There was an approximately 25% reduction in risk of developing advanced AMD at 5 years. This treatment effect appeared to persist following 5 additional years of follow-up after the clinical trial was stopped. 43 The AREDS formulation became the standard of care for persons who are at high risk for AMD, either intermediate AMD or large drusen in both eyes, or advanced disease in one eye with large drusen in the fellow eye.
The AREDS2
The AREDS2, 44 a multicenter, randomized, double-masked, placebo-controlled clinical, was conducted in 4203 participants, aged 50 to 85 years, who had intermediate AMD (bilateral large drusen) or large drusen in 1 eye and advanced AMD in the fellow eye. They were assigned randomly to placebo, lutein (10 mg)/zeaxanthin (2 mg), omega 3 fatty acids (DHA 350 mg and EPA 650 mg), or the combination of lutein/ zeaxanthin and omega-3 fatty acids. In addition, all the participants were administered either the original AREDS formulation (vitamins C, E, and beta-carotene, and zinc with copper) or some modification of the AREDS formulation (either elimination of beta-carotene, lowering of the zinc, or the combination of the two). The participants were followed for a median of approximately 5 years. Approximately 50% of the participants were former smokers and 7% were current smokers.
The primary analyses consisted of comparing each treatment group with the placebo group, using only half of the study population (~2000) for each of these analyses. These three treatment groups did not demonstrate additional beneficial effects beyond the effects of the AREDS formulation. However, in the analyses which used the entire population (4000þ) to conduct the analysis of the main effects, that is, evaluating all those assigned to lutein/zeaxanthin (n ¼ 2123) versus those not assigned lutein/zeaxanthin (n ¼ 2080), there was an added 10% reduction in the risk of progression to advanced AMD (HR, 0.90; 95% CI, 0.82-0.99; P ¼ 0.04). When analyses were restricted to those with lowest dietary intake of lutein/zeaxanthin, there was a further reduction in the risk of advanced AMD (HR, 0.75; 95% CI, 0.59-0.94; P ¼ 0.01). When lutein/zeaxanthin with AREDS formulation minus the betacarotene treatment group was compared to the AREDS (with beta-carotene and no lutein/zeaxanthin) treatment group, the HR was 0.82 (95% CI, 0.69-0.96, P ¼ 0.02). The adverse effect associated with beta-carotene was the increased risk of lung cancer in former smokers. A number of other secondary analyses, some prespecified and others were post hoc, as well as the emergence of this important adverse effect contributes to the totality of the evidence that suggest adding lutein/ zeaxanthin and eliminating beta-carotene from the AREDS formulation may result in an incremental increase beyond the beneficial effects of the AREDS formulation for reduction in the risk of developing advanced AMD.
Vitamin B Complex, the Women's Antioxidant, and Folic Acid Cardiovascular Study
The Women's Antioxidant and Folic Acid Cardiovascular Study was a randomized controlled clinical trial of female health care professionals (n ¼ 5442) who were 40 years or older with preexisting cardiovascular disease, or who have three or more cardiovascular disease risk factors. 45 They were randomized to a combination of B vitamins (folic acid 2.5 mg, pyridoxine hydrochloride or B 6 at 50 mg, cyanocobalamin or B 12 at 1 mg) or placebo daily. A total of 5205 women, who were not diagnosed with AMD at baseline, was followed for a period of 7.3 years. The outcome was incident AMD that was selfreported and confirmed by medical records. The results demonstrated that daily supplementation of the B vitamins, folic acid, pyridoxine, and cyanocobalamin may reduce the risk of AMD (RR, 0.66; 95% CI, 0.47-0.93; P ¼ 0.02). Since these were secondary analyses, further studies are warranted before making clinical recommendations for use of B vitamins in the treatment of AMD.
DISCUSSION: UNMET NEEDS AND OPPORTUNITIES FOR FUTURE RESEARCH Cataract
The data from randomized controlled clinical trials mostly have failed to demonstrate beneficial effects of nutritional supplements for the treatment of cataract. However, two randomized controlled clinical trials of multivitamins/minerals have suggested a beneficial role for the treatment of age-related cataracts, one in a nutritional deprived population in Linxian, China, and another in a well-nourished population in Parma, Italy. The beneficial effect for nuclear cataract was countered by the harmful effect of developing PSC cataract. One study suggested that riboflavin/niacin may be contributing to this deleterious effect. None of these studies has evaluated the individual nutrient that may be important in the multivitamin/ mineral combination. Future studies may have the opportunity to provide clarification. However, such a trial may be extremely costly, requiring tremendous numbers of subjects and lengthy follow-up. Thus, an important area of future research is to find clinically meaningful surrogate outcomes that would allow clinical research to be conducted in a shorter interval of time with smaller number of participants. An example of this would be the potential use of the technology designed to detect precataractous lens protein changes clinically using dynamic light scattering. 46 The dynamic light-scattering device has been used to evaluate a-crystallin, a molecular chaperone protein that has been demonstrated to bind to damaged lens proteins, which prevent their aggregation. This measure of an acrystallin index decrease was associated with increasing nuclear lens opacities (P < 0.002). Even in clinically clear lens, significant decreases in a-crystallin can be detected.
A small reduction in the progression of age-related cataract would have a profound effect on the costs of American health, as this condition currently is a significant public health problem, with large numbers of people affected with the disease projected to increase markedly with increasing longevity. Currently, one of the most commonly performed procedures in the United States is cataract surgery. A successful preventive measure would reduce the cost of this condition to society, and to the individuals and their families.
Although the pathogenesis is not well understood, antioxidative properties of nutrient-based therapies are attractive for these chronic conditions. The therapeutic effects seen in those with the lowest dietary intake of lutein/zeaxanthin, for example, suggest that nutrient therapy may have a role in preventing cataract. The public health message of ''You are what you eat'' is important. Eating well, and having a diet replete with fish and many colored vegetables, especially the green leafy ones, are public health messages that might be particularly important to communicate to the entire population. This has implications for general well-being as well as potential reduction of ocular diseases.
Age-Related Macular Degeneration
The nutritional supplement, known as the AREDS formulation, has been demonstrated to reduce the progression to advanced AMD by 25% in 5 years in persons with intermediate AMD (bilateral large drusen) or having large drusen in one eye and advanced AMD in the fellow eye. There is an incremental increase in the efficacy of the AREDS formulation when betacarotene is replaced by the addition of lutein/zeaxanthin to this formulation. Again, those in the lowest dietary intake group of lutein/zeaxanthin appear to have the greatest benefit. Thus, the public health message of proper diet is essential for prevention of chronic disease, such as AMD and other systemic conditions.
Aside from the beneficial effects of folic acid during pregnancy for the prevention of spina bifida and calcium for prevention of osteoporosis, the AREDS formulation is the only other nutritional supplement known to have beneficial effects on any disease. All the previous studies of nutritional supplements for cardiovascular disease and cancer have been proven to be negative. For example, nutritional studies of the B vitamins for cardiovascular disease were negative, while the ancillary studies in ocular disease demonstrated a beneficial effect for AMD. Ideally, it would be prudent to have a duplicate randomized, double-masked, controlled clinical trial to support the AREDS formulation and its effects on the retina. With limited resources, the feasibility of replicating the AREDS is unlikely as the AREDS formulation has become the standard of care for many of the individuals at risk for developing advanced AMD. One is reassured by the beneficial effects that persisted in the observational study that followed the clinical trial. At 10 years, there was still a 27% reduction in the risk of developing advanced AMD. In addition to the nutrients evaluated in AREDS2, should other vitamins be studied? Do we need further analyses with observational studies of nutritional intake? The Women's Antioxidant and Folic Acid Cardiovascular Study of B complex of vitamins suggested a beneficial effect for AMD. Would further randomized trial be feasible and be warranted, given the preliminary findings of a protective effect of the B vitamins for AMD? These are questions that yet must be answered.
An explosion of genetic information is occurring in the field of AMD. 47, 48 Additional pathways have been emerging as potential disease mechanisms from studies of genetic associations. These include pathways that involve inflammatory, complement, and high-density lipoprotein (HDL) cholesterol pathways that potentially are part of AMD pathogenesis. The further analyses of these genetic associations with the dietary intake and the randomized trials of nutrient supplement should give us clues as to the potential for personalized medicine and potential targets for future treatment.
An important step in the research for AMD includes the need for better phenotyping, as AMD is likely to include a number of conditions that may be separated genetically. We also need a better understanding of the functional and structural correlations of the disease process. The technologies for imaging have developed rapidly, and may provide better tools for developing and improving our outcome measures for cataract and AMD outcomes for clinical trials.
Finally, it is important to understand that a modest protective effect on the progression of AMD (and cataract) still would have a significant impact on patient welfare and on cost control given the large and increasing numbers of patients affected. Areas of unmet medical need include finding effective therapy for geographic atrophy and for primary prevention of AMD. Prevention certainly would be favored over intravitreal injections, even though they may be successful in reducing the risk of vision loss. We believe the next decade will witness some major changes in the way we will treat AMD.
